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ABSTRACT Sheep are the natural hosts of the pathogens
that cause scrapie, an infectious degenerative disease of the
central nervous system. Scrapie-associated fibrils [and their
major protein, prion protein (PrP)] accumulate in the brains of
all species affected by scrapie and related diseases. PrP is
encoded by a single gene that is linked to (and may be) the
major gene controlling the incubation period of the various
strains of scrapie pathogens. To investigate the role of PrP in
natural scrapie, we have determined its gene structure and
expression in the natural host. We have isolated two sheep
genomic DNA clones that encode proteins of 256 amino acids
with high homology to the PrPs of other species. Sheep PrPs
have an arginine/glutamine polymorphism at position 171 that
may be related to the alleles of the scrapie incubation-control
gene in this species.
mouse in which an incubation time control gene has been
defined by responses to experimental infection with scrapie
(2), and a similar linkage of the ovine PrP gene to the alleles
of Sip has been discovered (24). To investigate the link
between PrP and the host gene controlling the incubation
period of scrapie, we have sequenced sheep PrP clones,
searching for amino acid substitutions that might provide the
molecular basis for Sip allelism. In this paper, we report the
cloning and sequencing ofgenomic DNA carrying most ofthe
ovine PrP gene.§ Two genomic clones encoded predicted
proteins of 256 amino acids that differed at codon 171
resulting in an arginine/glutamine polymorphism. These
clones also differed in an EcoRI site outside the PrP coding
region that has been linked to the alleles of Sip.
Sheep are the natural hosts of the pathogens that cause
scrapie, an infectious degenerative disorder of the central
nervous system. The disease is invariably fatal after incuba-
tion periods of several months to years and can persist within
a flock by spread between flockmates or by transmission
from ewe to lamb (1). The incubation period of the disease
depends primarily on the strain(s) of pathogen and the
genotype of the affected animal (2). The expense and han-
dling problems of farm animal experiments has meant that
much of the work on the host genetic control and transmis-
sibility of scrapie has been done in rodents. The mouse gene
Sinc, with two alleles s7 andp7, is the major gene determining
the incubation period of all strains of murine scrapie (2-4),
and its sheep homologue Sip (with alleles sA and pA) also
appears to control the incidence of natural scrapie in at least
some breeds of sheep (5). Paradoxically, a candidate product
of these host control genes was discovered in studies on the
molecular structure of the scrapie pathogen.
During the subcellular fractionation of scrapie-affected
brain, at least some infectivity copurifies with aggregates of
a neuronal membrane protein, the prion protein (PrP) (6).
These aggregates were first recognized by electron micros-
copy and termed scrapie-associated fibrils (7, 8). They are
found in brain extracts (9, 10) of all species affected by
scrapie and diseases caused by related pathogens, including
Creutzfeldt-Jakob disease ofman (11, 12) and bovine spongi-
form encephalopathy of cattle (13, 14). PrP is a protein of
apparent molecular mass 33-35 kDa (15-17). It is glycosy-
lated (18-20) and has two potential N-glycan attachment sites
and an N-terminal glycine-rich repetitive sequence (15).
Restriction site polymorphisms in and around the murine
PrP gene have been linked to the alleles of Sinc in segregating
(21) and congenic (22) mice. In fact, there are two amino acid
polymorphisms in PrP in mice with the s7 and p7 alleles (23)
and this has led to the proposal that PrP may even be the Sinc
gene product. The sheep is the only species other than the
MATERIALS AND METHODS
RNA Preparation and Northern Blot Analysis. RNA was
prepared from normal brain tissue of Cheviot sheep by the
guanidinium isothiocyanate method (25). For purification of
poly(A)+ RNA, the preparation was followed by oligo(dT)
chromatography (26). After electrophoresis in 2.2 M form-
aldehyde/agarose gels, RNA was transferred to a nylon
membrane and hybridized with the 32P-labeled hamster
cDNA probe [pEA974 (27)] or the sheep probe (pScr23.4, this
paper) inS x SSPE/50% (vol/vol) formamide/5 x Denhardt's
solution/denatured fish milt DNA (0.1 mg/ml)/0.5% SDS
(lx SSPE = 0.18 M NaCl/10 mM sodium phosphate, pH
7.4/1 mM EDTA; 1x Denhardt's solution = 0.02% polyvi-
nylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin).
Membranes were washed in 1 x SSPE at 650C and exposed to
Kodak X-AR film with an intensifying screen at -70'C (28).
Iolation and Characterization of Sheep PrP DNA Clones. A
genomic DNA library was prepared from spleen DNA of a
Suffolk sheep by using the A phage EMBL3 (29). Phage
plaques were screened for PrP-related DNA sequences by
hybridization to a 470-base-pair Nco I-Sau3AI fragment of
plasmid pHaPrP (15), labeled by random priming with[32P]dCTP to a specific activity of 4 x 108 cpm/,ug of DNA
(30) and hybridized to phage DNA in 5 x SSPE/0.1% SDS/
5x Denhardt's solution/denatured fish milt DNA (0.01 mg/
ml; 106 cpm/ml) for at least 12 hr at 65TC. Final washes of the
filters were at 420C in 0.2x SSPE/0.1% SDS; except in the
rescreening, the final wash was done at 600C in 0.2x SSPE/
0.1% SDS. DNA of hybridization-positive phages was am-
plified, prepared from clear lysates as described (28), and
checked for authenticity by Southern blot analyses.
Cloning and Sequencing Procedures. Suitable restriction
fragments of the genomic DNA inserts were subcloned into
pUC19, M13mpl8/mpl9, or Bluescript pKS+ (Genofit,
Heidelberg) vectors. To facilitate sequencing a set of ordered
Abbreviation: PrP, prion protein.
tTo whom reprint requests should be addressed at the i address.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M31313).
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FIG. 1. Alignment of genomic clones
and subclones of the ovine PrP gene. The
boxed regions indicate the sequenced
DNA. *, Coding region; m, 3' untrans-
lated region. E, EcoRI; X, Xba I; H, Hin-
dIII; P, Pvu II; S, Sal I. E* at 3.5 kb
indicates the polymorphic EcoRI site that
is present in clone 23/21 and absent in
s clone 32/21.
deletions along the ovine genomic insert was generated using Nuclease S1 Protection. The structure of sheep brain PrP
exonuclease III and mung bean nuclease (Genofit) (31). mRNA was assessed by hybridization to single-stranded
Sequencing was done by the dideoxynucleotide termination DNA probes derived from ovine genomic clones and nucle-
method (32) using single-stranded DNA ofrecombinant M13, ase S1 digestion (35). For mapping of the 5' splice junction,
denatured plasmid DNA templates (33), and T7 DNA poly- a 32P-labeled single-stranded DNA probe was prepared by
merase (Sequenase, United States Biochemical) (34). In both primer extension to the EcoRI-Sma I region on pScr23.4 and
alleles, the coding region was sequenced entirely on both digestion with Pst I. This generated a fragment of 216
strands. nucleotides containing 18 nucleotides of a M13mpl8 poly-
Pst I
1 CTGCAGACTTTAAGTGATTCTTACGTGGGCATTTGATGCTOACACCCTCTTTATTTTGCAGAOAAOTCATC
72 ATO GTa AAA ACC CAC ATA GGC AGT TGO ATC CTO GTT CTC TTT GTO GCC ATC TGO AGT GAC GTG GGC CTC
Het Va1 Lys Ser His 11e Gly Bar Trp IIe Leu Vel Leu Phe Vel Ala Net Trp Ser Asp Val Gly Leu 23
141 TOC AAG AAG CGA CCA AAA CCT GGC GGA GGA TOO AAC ACT CCG GGa AGC CGA TAC CCG GGA Cho GGC AGTCye Lys Lys Arg Pro Lye Pro Gly Gly Oly Trp Aen Thr Gly Gly Ser Arg Tyr Pro Oly Gln Gly Ser 46
CCT GGA CGC AAC CGC TAT CCA CCT CAG GOA 0G0 OCT CGC TGG GOT CAG CCC CAT GGA GOT CGC TOG GGC
Pro Gly Gly Awn Arg Tyr Pro Pro Gin Oly Gly Gly Gly Trp Gly Gin Pro Hi. Gly Gly Gly Trp Gly 69
CAA CCT CAT GCA GOT GGC TOO GGT CAO CCC CAT GOT GOT CGC TOO GGA CAG CCA CAT GOT OCT GGA CGC
Gin Pro NHi Oly Gly Gly Trp Gly Gin Pro Nis Gly Gly Gly Trp Gly Gin Pro His Gly Gly Gly Gly 92
TGOG GOT CAA GOT GOT AGC CAC AGT CAG TOO AAC AA¢ CCC ACT AAG CCA AAA ACC AAC ATO AA¢ CAT GTG
Trp Gly Gin Gly Oly Ser His 3cr Gin Trp Ann Lye Pro Ser Lye Pro Lye Thr Awn Net Lys His Vel uS
CCA GCA GCT GCT GCA OCT GCA OCA CTC GTA CGO GCC CTT GGT CCC TAC ATC CTG GCA ACT GCC ATG ACC
Ale Gly AlaAle Al Ala Gly Ala Vol Vel Gly Gly Leu Gly Gly Tyr Net Leu Gly Ser Ale Het Ber 138
ACO CCT CTT ATA CAT TTT CGC AAT CAC TAT GAG OAC COT TAC TAT COT CAA AAC ATG TAC COT TAC CCC
Arg Pro Leu lie Nis Phe Gly Awn Asp Tyr Glu Asp Arg Tyr Tyr Arg Glu Awn Net Tyr Arg Tyr Pro 161
5S5 AAC CAA OTC TAC TAC AGA CCA CTC GAT COG TAT ACT AAC CAG AAC AAC TTT GTO CAT CAC TCT OTC AAC
Awn Gin Val Tyr Tyr Aro Pro Vel Aso Arg Tyr Ser Ann GCn Awn Ann Phe Val HNi Asp Cys Val AwnAGIn
624 ATC ACA CTC AAG CAA CAC ACA OTC ACC ACC ACC ACC AA GCGO GAG AAC TTC ACC CAA ACT CAC ATC AAG
IIe Thr Vol Lye Gin Hie Thr Val Thr Thr Thr Thr Lye Gly Glu Awn Phe Thr Glu Thr Asp IlIe Lye
184
267
ATA AtO GAG COA GTO GTGOGA CAA ATV TGC ATC ACC CAG TAC CAG AGA GAA TCC CAG CCT TAT TAC CAA
Ile Net Clu Arg Val Val Glu Gin Net Cys Ile Thr Gin Tyr Gin Arg Glu Ser GCn Ale Tyr Tyr Gin 230
AGO 0G0 GCA AGT GTO ATC CTC TTT TCT SCC CCT CCT GTG ATC CTC CTC ATC TCT TTC CTC ATT TTT CTC
Arg Gly Ale Ser Val Ile Leu Phe Ser 3er Pro Pro Val Ile Leu Leu Ile 3er Phe Leu lie Phe Leu 253
ATA CTA GOA TAG
Ile Vel Gly *
GCGCAACCTTCCTGTTTTCATTATCTTCTTAATCTTTGCCAGGTTGGGGGAGGGAGTGTCTACCTGCAOCCCTGT
Pstl 256
918 AaTGGTGcTGTCTCATTTCTTGCTTCTCTCTTGTTACCTGTATAATAATACCCTTGGCGCTTACAGCACTGGGAAATOACAAGCAGACATG
AGATGCTATTTATTCAAGTCCCATTAGCTCAGTATTCTAATGTCCCATCTTAGCAGTGATTTTGTAGCAATTTTcTcATTTGTTTCAAGAA
1100 CACCTGACTACATTTCCCTTTGGGAATAGCATTTCTGCCAAGTCTGGAAGGAGGCCACATAATATTCATTCAAAAAAACAAAACTGGAAAT
CCTTAGTTCATAGACCCAGGGTCCACCCTGTTGAGAGCATGTGTCCTGTGTCTGCAGAGAACTATAAAGGATATTCTGCATTTTGCAGGTT
1282 ACATTTGCAGGTAACACAGCCATCTATTGCATCAAGAAtGGATATTCATGCAACCTTTGACTTATGGGCAGAGGACATCTTCACAAGGAAT
GAACATAATACAAAAGGCTTCTGAGACTAAAAAATTCCAACATATGGAAGAGGTGCCCTTGGTGGCAOCCTTCCATTTTGTATGTTTAAAO
1464 CACCTTCAAGTGATATTCCTTTCTTTAGTAACATAAAGTATAGATAATTAAGGTACCTTAATTAAACTACCTTCTAGACACTGAGAGCAAA
TCTCTTGTTTATCTGGAACCCCAGGATGATTTTGACATTGCTTAGGGATGTGAGAGTTGGACTGTAAAGAAAGCTGAGTGCTGaAGAGTTC
1645 ATGCTTTTGAACTATAGTGTTGGAGAAAACTCTTGAGACTCCCTTGGACTGAAAGGAGATCAGTCCTGAATATTCATTGGAAGGACTGATG
CTGAAGCTGAAACTCCAGTACTTTGGTCACCTGATGGGAAGAACTGAAGGCAGGAGGGATGCTAGGAAAGACTGAAGGCAGGAGGAGAAGG
1328 GGACGACAGAGGATGAGATGGCTAGATGGCATCATGGACTCAATGGACATGAGCTTAAGTAAACTCCAGGAGTTGGCAATGGACAGGGAGA
CCTGGCGTCCTGCAGTCCATGGTGTCGCAGACTCGGACACGATTGAGTGACTAAATTGAGGTGACCCAGATTTAACATAGAGAATGCAGAT
2610 ACAAAACTCATATTCATTTGATTGAATCTTTTCCTGAACCAGTGCTAGTGTTGGACTGGTAAGGGTATAACAGCATATATAGGTTATGtGA
TGAAGAGATAGTGTACATGAAATATGTGCATTTCTTTATTGCTGTCTTATAATTGTCAAAAAAGAAAATTAGGTCCTTGGTTTCTGTAAAA
2192 TTGACTTGAATCAAAAGGGAGGCATTTAAACAAATAAATTAGAGATGATAGAAATCTGATCCATTCAGAGTAGAAAAAGAATTGCATACTG
TATTAAGAAGTCAAATATTCCTGAATTGTTCAATATTGTCACCTAGCAGATAGACACTATTCTGTACTGTTTTTACTAGCTTGCACCTTGT
2314 GGTATCCTATGTAAAAACATATTTGCATATGACAAACTTTTTCTGTTAGAGCAATTAACATCTGAACCACCTAATGCATTACCTGTTTTTG
TAAGGTACTTTTTOTAAGGTACTAAGGAGATCTGGGTTTAATCCCTAGGTCAGGTAAATCCCCTAGAGGAAGAAATGGCAACCCACTCCAG
2556 TATTCTTGCCAGGAAAATCCAGTGGGCAGAGGAGCCTGGCAGGGTACAGTCTGAGCATGGGGTTGCAAAGAGTGAGACAAGACTTGAGCTA
CTGAACAATAAGGACAATAAATGCTGGGTCGGCTAAAAGGTTCATTAGGTTTTTTTTCTGTAAGATGGCTCTAGTAGTACTTGTCTTTATC
2133 TTCATTCGAAACAATTTTGTTAGATTGTATGTGACAGCTCTTGTATCAGCATGCATTTGAAAAAAACATCACAATTGGTAAATTT;TTAT
AGCCATCTTACTATTGAAGATGGAAGAAAAGAAGCAAAATTTTCAGCATATCATGCTGTACTTATTTCAAGAAAGATAACCAAAATGCAAA
2929 AATGTATTTGTGAAGTGTATGGAGAAGGGGCTGCAACTGATCAAGCTTGTCAAAGTAGTTTGTGAAGTTTCGTGCTGGAGATTTCTTATTG
GACGATGCTCCACAGTTGGATATACCAGTTGAAGTTGATAGTGATCAAATTGAGATATTGAGAATAATCGATGTTATACCACGCGGGAGAT
3102 AGCTGACATACTCAAAATATCCAAATAGAACCTTGAAAACCATTTGCACCATCTCAGTTATGTTAATCACTTTGATGTTTGAGTTCCACAT
AAGCAAAAAAACAACAACAAAAAAAAATACAACCTTGACCATATTTGCGCATGCAGTTCTCTACTGAAATGATTGAAAACACTTTGTTTTT
3264 AAAAACAGATTTTGATTAACAGTGGGTACGATACAATAACGTAGATGGAAGAAATTGTAGGGTGAGCAAAATGAACCACACCACCAAAGGC
CAGTCTTCCTCTAAAGAACATGTGTGTATGGTGGGATTGGAAAGTAATCCTCTATTATGAATTCTTCTGGAAAACACTGCTCCTAATTAGA
3466 CCAACTGAAAACACCACTCAACGAAAAGCATCCAGAATTAGTCAATAGAAAACATAATCTTCCATCAGGATAACGCAAGACTACATATTTC
TTTGATCACCCACCATGGCTGGAGTTTCTGATTCATCTGTTGTATCAGACGTTGCATCTTGGATTTTTCATTATTCAGTCTACAAATTATA3643 TATOAAAATTCATCCTTGTAAGATOTAAGTGCATCTGGAAAATTTCTTTGCTCAAAAAGATAAAAAGTTTTGTGAACACAGAATTATGACC
TTGCCTCAAAAATGGCAGAAGGTAGTGGAACAAAAGAGTGACTATGTTGTTTCGTAAAGTTCTTAGTGAAAATGAAAAATGTGTCTTTTAT
3830 'TTTTATTTAAACACCAAAGGCACATTTGCACACCAACTGTAATCTAAGAACCTCGGTGTCCTAGCCTTACAGTGTGCACTGATAGTTTGTA
TAAGAATCCAGAGTGATATTTGAAATACGCATGTGCTTATATTTTTTATATTTGTAACTTTGCATGTACTTGTTTGTGTTAAAAGTTAL
4012 AAATATTTAATATCTGACTAAAATTAAACAGGAGCTAAAAGGAGTATCTTCCACGGAGTGTCTGGCTGTGTTCACCAGTGTGCACACCATG
TTGGCAGCTTCATTTGGGGGGTTAATATGAGAAAAGTGACACATTCAGTCCTCACACTGCCCAATTGCAGGAGGAGGGCTACTCCTGATCCT
4194 GCTTCAGCCTTATTCCCAGTCACATGCCAGCTG
PvuI
FIG. 2. Sheep PrP DNA and
predicted amino acid sequence.
The DNA sequence of 23/21 is
shown from a Pst I site in the
intron to a Pvu II site downstream
of the poly(A) signal site with the
predicted PrP amino acid se-
quence. The sequence of 32/21
between the two Pst I sites is
identical apart from the two indi-
cated nucleotide differences at po-
sitions 20 and 583. The. corre-
sponding amino acid difference at
codon 171 is also shown. The in-
tron/exon border is marked by an
arrow; the putative polyadenylyl-
ation signal and the region of the
poly(A) tail attachment are under-
lined at positions 4004-4014 and
4034-4039, respectively.
216
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linker sequence. Two probes were used to map the 3' end of
the ovine PrP mRNA. The shortDNA probe was prepared by
primer extension to the EcoRI-Pvu II sequence downstream
of the PrP coding region (plasmid bs1O) and then by digestion
with Acc I. This produced a fragment of 604 nucleotides with
18 nucleotides of vector sequence. The long probe was also
derived from this region but was then cleaved with EcoRI.
This produced a 804-nucleotide fragment with 56 nucleotides
of vector sequence. The purified single-stranded probes
(50,000 cpm) were incubated with 20 1Lg of poly(A)+ RNA or
50 gg of total sheep brain RNA at 50C above the calculated
melting temperature for 14 hr. After incubation with nuclease
S1 (Boehringer Mannheim; 1400 enzyme units, 2 hr, 370C),
the products were analyzed on strand-separating 6% poly-
acrylamide gels.
RESULTS
Cloning and Sequencing the Sheep PrP Gene. A genomic
DNA library was prepared from spleen DNA of a Suffolk
sheep using a AEMBL3 vector and kindly provided by A. J.
Clark (AFRC Institute for Animal Physiology and Genetics
Research, Edinburgh; ref. 29). The library was screened with
a hamster PrP cDNA [plasmid pHaPrP (15)] and two positive
clones were isolated. Clone 23/21 with an insert of 14
kilobases (kb) contained EcoRI (4 kb) and HindIII (4.8 kb)
restriction fragments whereas the 17-kb insert of clone 32/21
contained EcoRI (7 kb) and HindIII (4.8 kb) fragments. These
restriction fragments are similar in size to those detected by
Southern blot analyses of total genomic DNA of Suffolk
sheep (36) and Cheviot sheep (24). The DNA fragment of
clone 23/21 from an EcoRI site (at -0.5 kb, Fig. 1) to a Pvu
II site (at 4.2 kb, Fig. 1) was subcloned into pUC and
Bluescript pKS vectors, respectively (plasmids pScr23.4 and
bslO, respectively), and sequenced. The insert contained an
open reading frame with approximately 83% homology to the
hamster PrP cDNA.
The subclone derived from the second positive clone,
32/21 (plasmid pScr63.R), also contained an open reading
frame. Sequencing between the two flanking Pst I sites (Fig.
2) revealed only two differences: at nucleotide 20 (cytidine in
23/21 and adenosine in 32/21) and at nucleotide 583 (gua-
nosine in 23/21 and adenosine in 32/21). The nucleotide-583
difference is particularly interesting because it leads to an
amino acid difference (codon 171) in the predicted PrP
protein sequences: arginine in 23/21 and glutamine in 32/21.
The deduced amino acid sequences of these ovine PrPs have
88-90% homology with the PrPs from rodents and man.
Determination of an Intron/Exon Border. Rodent PrP
genes contain an intron whose 3' border is 10 base pairs
upstream of the translation initiation codon (17, 23). Ten
bases upstream from the putative translation start codon of
ovine PrP, there is a sequence, TCTTTATTTTGCAGA
(nucleotides 48-62), with strong homology to the consensus
sequence (T/C)QN(C/T)AGG for 3' splice junctions (37).
Additionally, the motif CTGAC at nucleotides 139-143 is
identical to the consensus sequence of the lariat acceptor site
(38). To identify the intron/exon boundary in the sheep gene,
we carried out nuclease S1 protection analyses. Sheep brain
poly(A)+ RNA was hybridized with a genomic DNA probe of
216 bases (Fig. 3) and subsequently digested with nuclease
S1. Fragments of 138-140 bases were protected (Fig. 3). The
band of 138 bases corresponds to a splicing event at nucle-
otide 62 at the first AG dinucleotide after the proposed lariat
acceptor site. The bands of 139 and 140 bases might be due
to incomplete digestion of the RNA-DNA hybrid by nuclease
S1. The DNA upstream ofthe protected region (sequence not
shown) has a low G+C content of 40% with no homologies
to the G+C-rich promoter region of the hamster gene (17) or
other promoter structures (39). These results indicate that the
A 1 2 3 4 5 6
bases
216-~
138- 4 r
B AGAGAAG
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1 62 72
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FIG. 3. Nuclease S1 protection analysis of sheep brain poly(A)+
RNA to determine the position of the intron/exon boundary. (A)
Autoradiograph of the nuclease S1 protection analysis of ovine RNA
with a DNA probe derived from clone pScr23.4. A 216-nucleotide
DNA probe was used for nuclease S1 protection analysis. This DNA
probe from position 2 to position 199 contains an additional 18-
nucleotide sequence of M13mpl8 (lane 1). DNA fragments of 138-
140 nucleotides were protected in this analysis (lane 2). The reaction
mixtures containing adenine, cytidine, guanine, and thymine of a
DNA sequence were used as size marker (lanes 3-6, respectively).
(B) Diagram of the region analyzed by nuclease S1 protection.
Numbers refer to the PrP sequence shown in Fig. 2. co, Coding
region. The test fragment and the protected fragments ofthe nuclease
S1 analysis are aligned.
ovine PrP gene, like its rodent homologues, has an intron/
exon border located 10 base pairs upstream of the coding
region.
PrPmRNA in Natural Hosts. Ovine and rodent PrP mRNAs
vary greatly in size (Fig. 4 and ref. 40). By using a hamster
PrP cDNA clone [pEA974 (27)] or an ovine PrP genomic
clone (pScr23.4) in Northern blot analysis of brain poly(A)+
RNA, we estimated the size of ovine PrP mRNA to be 4.6 kb,
compared to the 2.5-kb mouse and hamster PrP mRNA (Fig.
4). The ovine PrP genomic probe also hybridized efficiently
to 4.6-kb NrP mRNAs from cattle and goats (Fig. 4).
Determination of the Polyadenylylation Site of the Ovine PrP
mRNA. The sequences TATAAA (nucleotides 4009-4014)
and ATTAAA (nucleotides 4033-4038) (Fig. 2) resemble the
consensus sequence AATAAA, which precedes the polya-
denylylation site of most eukaryotic mRNAs. To determine
the polyadenylylation site of the ovine PrP mRNA, we
carried out nuclease S1 protection analyses of total RNA
from sheep brain by using DNA fragments (insert 23/21)
spanning a region 3.4-4.4 kb downstream from the predicted
1 2 3 4 5 6 7
a n..
kb
**eW 4.6
2.5
FIG. 4. Northern blot analysis of brain poly(A)+ RNA from
various species. Lanes: 1, hamster; 2, mouse (C57BL, Sincs7); 3,
mouse (IM, SincP7); 4 and 5, sheep; 6, cow; 7, goat. Each lane
contains approximately 5 ,ug of brain poly(A)+ RNA. Hybridizations
were carried out with a hamster cDNA probe (lanes 1-4) or an ovine
genomic DNA probe (lanes 5-7). Exposure times were as follows.
Lanes: 1, 24 hr; 2-4, 72 hr; 5-7, 24 hr.
Proc. Natl. Acad. Sci., USA 87 (1990)
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FIG. 5. Nuclease S1 protection analysis of sheep brain RNA to
determine the position of the polyadenylylation site. (A) Autoradio-
graph of two nuclease S1 protection analyses of mRNA with DNA
probes derived from clone bs1O. A DNA fragment of600 nucleotides
(lane 2) was protected after hybridization of a long DNA probe (804
nucleotides) to the RNA (lane 3). The second analysis ofa short DNA
of604 nucleotides (lane 5) resulted in protected fragments of395-400
nucleotides (lanes 6 and 7). In lane 7 half the amount of radioactive
DNA was applied to the gel compared to lane 6. DNA size markers
are in lanes 1 and 4. (B) Diagram of the region analyzed by nuclease
S1 protection. Numbers refer to the PrP sequence in Fig. 2. m, 3'
untranslated region of PrP mRNA. The test fragments and resulting
fragments of the nuclease S1 analysis are aligned.
intron/exon border (Fig. 5), consistent with the apparent
mRNA size (Fig. 4). All assays indicate that poly(A) addition
occurs some 20-25 base pairs downstream from the sequence
TATAAA. From the Southern blot analyses of the insert of
32/21 with ovine 3' PrP mRNA-specific DNA probes, we
conclude that this genomic clone is also capable of encoding
the whole 3.2-kb 3' untranslated mRNA region (data not
shown).
Comparison of the PrP mRNAs of Various Species. Ovine
PrP mRNA contains a 3.2-kb structure between its stop
codon at position 840-842 and the polyadenylylation site
around nucleotide 4039 (Fig. 2). This 3' untranslated region
is more than twice the size of the corresponding region in
hamster, mouse, and human PrP mRNA. A comparison ofthe
ovine sequence with the rodent sequence revealed three large
insertions. Insertion D (about 0.5 kb) and insertion F (about
1.3 kb) seem to be sheep specific, whereas insertion B (0.25
kb) is also found in the human mRNA (Fig. 6).
DISCUSSION
Homology of Gene Structure and the mRNA. The hamster
PrP gene has two exons: a 5' exon of 56-82 nucleotides
preceded by a G+C-rich region, probably the transcription
promoter, and a 3' exon of 1960 nucleotides that encodes the
complete protein coding region of the gene. These exons are
linked by a 10-kb intron (17) and this gene organization is
conserved in mice (23). Our data indicate a similar structure
in sheep with PrP encoded by only one exon. We detected an
intron/exon boundary just on the 5' side of the start codon
and, although this is consistent with an upstream exon, we
have no direct data on the size of the intron or the 5' exon.
The estimated size of the ovine PrP mRNA is 4.6 kb (Fig. 4)
and the distance from the 3' intron/exon border to the
polyadenylylation site of the ovine PrP gene is about 4 kb.
Hence approximately 0.6 kb of the PrP mRNA sequence
remains undetermined and may be made up ofthe poly(A) tail
and a 5' noncoding exon of the ovine PrP gene, similar to that
found in the hamster gene (17). The highly conserved se-
quence (80-90%o identical) of all known PrP mRNA coding
regions is striking. The 3' untranslated regions of these
mRNAs are also conserved in hamster, man, and sheep,
although the much larger sheep sequence has several inser-
tions. Because of their similar size, it is likely that the bovine
and caprine PrP mRNAs also have this unusually large 3'
untranslated region.
Protein Structure and Homologies. The primary structure of
PrP is highly conserved in man (42), hamster (17), mouse (23,
43), and sheep (this paper). From the genomic DNA, we can
deduce the sequence of a 256-amino acid protein with an
overall homology of 88-90% with PrPs of other species.
The sheep PrP has a predicted 24-amino acid signal peptide
(44), two possible sites of asparagine-linked glycosylation (at
residues 184 and 200) (45), and an extremely hydrophobic
C-terminal sequence. Its highly basic N-terminal region pre-
cedes a series of keratin-like glycine-rich segments that are
conserved in PrPs across species. The amino acid inserted
between residues 9 and 10 is predicted to be a glycine residue,
which makes it identical to the bovine sequence (14). This
insertion creates a Pro-Gly-Gly-Gly- sequence identical to a
repetitive sequence in the tau protein (46), another protein
implicated in degenerating processes of the central nervous
system.
During biosynthesis and intracellular transport of PrP to
the cell surface, the protein is posttranslationally modified.
The signal peptide is cleaved off (16) and a phosphatidyli-
nositol-glycolipid is attached to the new C-terminal amino
acid created by removal ofa hydrophobic tail (47, 48), and we
have some evidence that this is also the case for the ovine PrP
(J.H., unpublished data). The hydrophobic C-terminal region
ofthe ovine molecule is highly conserved and shows only one
substitution when sequences ofPrPs from various species are
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compared. However, the sequence around the putative site of
phosphatidylinositol-glycolipid attachment is the most vari-
able part of the whole molecule. Remarkably, sheep and
human, but not rodent, PrPs have potential tyrosine sulfation
sites at Tyr-148 and Tyr-145, respectively. The sequence
adjacent to Tyr-148, Phe-Gly-Asn-Asp-Tyr-Glu-Asp, resem-
bles the consensus features oftyrosine sulfation sites (49), but
this posttranslational modification has yet to be detected
experimentally.
We have shown (22) that alleles of the Sip gene are also
linked to restriction site polymorphisms in or around the
ovine PrP gene in Cheviot sheep. It is, therefore, of great
interest to see amino acid substitutions in Suffolk sheep PrP
are apparently linked to one of these polymorphisms. The
change from a glutamine (codon 171), which is also found in
the corresponding position in rodent PrP, to a positively
charged arginine in the other ovine PrP allele or to a nega-
tively charged glutamic acid in the human PrP (42) might
indicate differing susceptibilities of the proteins to disease-
specific modification or aggregation. That a genetic predis-
position to disease is linked to PrP polymorphisms is sup-
ported by reports on mouse and human PrPs (23, 51, 52). Two
amino acid substitutions have been inferred in murine PrP by
sequencing DNA clones obtained from NZW and I mice (23).
NZW mice are Sinc'7, I mice are Sincp7 (50), and the amino
acid changes that correlate with one or other of the Sinc
alleles are at codons 108 (leucine in s7mice and phenylalanine
is in p7 mice) and 189 (threonine in s7 mice and valine is in
p7 mice). Other mutations in the human PrP gene have been
linked to the clinical appearance of the human spongiform
encephalopathies, Creutzfeldt-Jakob disease, and Gerst-
mann-Straussler syndrome. In some Creutzfeldt-Jakob dis-
ease cases a 0.15-kb insertion in the PrP open reading frame
has been reported (51); however, in pedigrees of two families
with Gerstmann-Straussler syndrome a proline/leucine poly-
morphism at codon 102 was found (52).
CONCLUSION
The PrP gene has been linked to the major gene controlling
the incubation period (Sip) of the various strains of scrapie
pathogens in mice and sheep. We have shown by gene cloning
that its protein and gene structure are highly conserved in the
natural host of scrapie. It is possible that the PrP polymor-
phism we have detected in the Suffolk sheep is related to the
alleles of the sip gene.
We thank Dr. A: J. Clark and his colleagues at the Agricultural and
Food Research Council Institute for Animal Physiology and Genetics
Research Station, Edinburgh, for the sheep genomic DNA library
and Drs. N. Robakis (New York) and B. Oesch (Zurich) for the
hamster PrP cDNA clones, pEA974 and pHaPrP. This work was
supported by funding through the Bundesministerium Forschung und
Technologie and Sonderforschungsbereich to K.B. and travel costs
were met in part from a North Atlantic Treaty Organization collab-
orative research grant (86/0112) awarded to J.H. and K.B.
1. Dickinson, A. G., Stamp, J. T. & Renwick, C. C. (1974) J. Comp.
Pathol. 84, 19-25.
2. Dickinson, A. G. & Outram, G. W. (1988) inNovelInfectiousAgents and
the Central Nervous System Ciba Symposium 135, eds. Bock, G. &
Marsh, J. (Wiley, Chichester, U.K.), pp. 63-83.
3. Dickinson, A. G. & MacKay, J. M. K. (1964) Heredity 19, 279-288.
4. Dickinson, A. G., Meikle, V. M. H. & Fraser, H. (1968) J. Comp.
Pathol. 78, 293-299.
5. Foster, J. D. & Dickinson, A. G. (1988) Vet. Rec. 123, 159.
6. McKinley, M. P., Bolton, D. C. & Prusiner, S. B. (1983) Cell 35, 57-62.
7. Merz, P. A., Somerville, R. A., Wisniewski, H. M. & Iqbal, K. (1981)
Acta Neuropathol. 65, 63-74.
8. Diringer, H., Gelderblom, H., Hilmert, H., Ozel, M., Edelbluth, C. &
Kimberlin, R. H. (1983) Nature (London) 306, 476-478.
9. Prusiner, S. B., McKinley, M. P., Bowman, K. A., Bolton, D. C.,
Bendheim, P. E., Groth, D. F. & Glenner, G. G. (1983) Cell 35, 349-358.
10. McKinley, M. P., Braunfeld, M. B., Bellinger, C. G. & Prusiner, S. B.
(1986) J. Infect. Dis. 154, 110-120.
11. Merz, P. A., Somerville, R. A., Wisniewski, H. M., Manuelidis, L. &
Manuelidis, E. (1983) Nature (London) 306, 474-476.
12. Bockman, J. M., Kingsbury, D. T., McKinley, M. P., Bendheim, P. E.
& Prusiner, S. B. (1985) N. Engl. J. Med. 312, 73-78.
13. Wells, G. A. H., Scott, A. C., Johnson, C. T., Gunning, R. F., Han-
cock, R. D., Jeffrey, M., Dawson, M. & Bradley, R. (1987) Vet. Rec. 121,
419-420.
14. Hope, J., Reekie, L. J. D., Hunter, N., Multhaup, G., Beyreuther, K.,
White, H., Scott, A. C., Stack, M. J., Dawson, M. & Wells, G. A. H.
(1988) Nature (London) 336, 390-392.
15. Oesch, B., Westaway, D., Walchli, M., McKinley, M. P., Kent,
S. B. H., Aebersold, R., Barry, R. A., Tempst, P., Teplow, D. B.,
Hood, L. E., Prusiner, S. B. & Weissmann, C. (1985) Cell 40, 735-746.
16. Hope, J., Morton, L. J. D., Farquhar, C. F., Multhaup, G., Beyreuther,
K. & Kimberlin, R. H. (1986) EMBO J. 5, 2591-2597.
17. Basler, K., Oesch, B., Scott, M., Westaway, D., Walchi, M., Groth,
D. F., McKinley, M. P., Prusiner, S. B. & Weissmann, C. (1986) Cell 46,
417-428.
18. Bolton, D. C., Meyer, R. K. & Prusiner, S. B. (1985) J. Virol. 53,
596-606.
19. Multhaup, G., Diringer, H., Hilmert, H., Prinz, H., Heukeshoven, J. &
Beyreuther, K. (1985) EMBO J. 4, 1495-1501.
20. Manuelidis, L., Valley, S. & Manuelidis, E. E. (1985) Proc. Natl. Acad.
Sci. USA 82, 4263-4267.
21. Carlson, G. A., Kingsbury, D. T., Goodman, P. A., Coleman, S., Mar-
shall, S. T., DeArmond, S., Westaway, D. & Prusiner, S. B. (1986) Cell
46, 503-511.
22. Hunter, N., Hope, J., McConnell, I. & Dickinson, A. G. (1987) J. Gen.
Virol. 68, 2711-2716.
23. Westaway, D., Goodman, P. A., Mirenda, C. A., McKinley, M. P.,
Carlson, G. A. & Prusiner, S. B. (1987) Cell 51, 651-662.
24. Hunter, N., Foster, J. D., Dickinson, A. G. & Hope, J. (1989) Vet. Rec.
124, 364-366.
25. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter, W. J.
(1979) Biochemistry 18, 5294-5299.
26. Aviv, H. & Leder, P. (1972) Proc. Natl. Acad. Sci. USA 69, 1408-1412.
27. Wu, Y., Brown, W. T., Robakis, N. K., Dobkin, C., Devine-Gage, E.,
Merz, P. A. & Wisniewski, H. M. (1987) Nucleic Acids Res. 15, 3191.
28. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular Cloning:A
Laboratory Manual (Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY).
29. Simons, J. P., McClenaghan, M. & Clark, A. J. (1987) Nature (London)
328, 530-532.
30. Feinberg, A. P. & Vogelstein, B. (1984) Anal. Biochem. 137, 266-267.
31. Henikoff, S. (1984) Gene 28, 351.
32. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463-5467.
33. Chen, E. J. & Seeburg, P. H. (1985) DNA 4, 165-170.
34. Tabor, S. & Richardson, C. C. (1987) Proc. Natl. Acad. Sci. USA 84,
4767-4771.
35. Ruppert, C., Goldowitz, D. & Wille, W. (1986) EMBO J. 5, 1897-1901.
36. Westaway, D. & Prusiner, S. B. (1986) NucleicAcids Res. 14, 2035-2044.
37. Mount, S. M. (1982) Nucleic Acids Res. 10, 459-472.
38. Keller, R. & Noon, W. A. (1984) Proc. Natl. Acad. Sci. USA 81,
7417-7420.
39. Maniatis, T., Goodbourn, S. & Fischer, J. A. (1987) Science 296,
1237-1245.
40. Robakis, N. K., Sawh, P. R., Wolfe, G. C., Rubenstein, R., Carp, R. I.
& Innis, M. A. (1986) Proc. Natl. Acad. Sci. USA 83, 6377-6381.
41. Devereux, J., Haeberli, P. & Smithies, 0. (1984) Nucleic Acids Res. 12,
387-395.
42. Kretzschmar, H. A., Stowring, L. E., Westaway, D., Stubblebine,
W. H., Prusiner, S. B. & DeArmond, S. J. (1986) DNA 5, 315-324.
43. Locht, C., Chesebro, B., Race, R. & Keith, J. M. (1986) Proc. Natl.
Acad. Sci. USA 83, 6372-6376.
44. Von Heijne, G. (1985) J. Mol. Biol. 184, 99-105.
45. Marshall, R. D. (1972) Annu. Rev. Biochem. 41, 673-702.
46. Goedert, M., Wischik, C. M., Crowther, R. A., Walker, J. E. & Klug, A.
(1988) Proc. Natl. Acad. Sci. USA 85, 4051-4055.
47. Stahl, N., Borchelt, D. R., Hsiao, K. & Prusiner, S. B. (1987) Cell 51,
229-240.
48. Cross, G. A. M. (1987) Cell 42, 179-181.
49. Huttner, W. B. & Baeuerle, P. A. (1988) Mod. Cell. Biol. 6, 97-140.
50. Carp, R. I., Moretz, R. C., Natelli, M. & Dickinson, A. G. (1987)J. Gen.
Virol. 68, 401-407.
51. Owen, F., Poulter, M., Lofthouse, R., Collinge, J., Crow, T. F., Risby,
D., Baker, H. F., Ridley, R. M., Hsiao, K. & Prusiner, S. B. (1989)
Lancet i, 51-52.
52. Hsiao, K., Baker, H. F., Crow, T. J., Poulter, M., Owen, F., Terwilliger,
J. D., Westaway, D., Ott, J. & Prusiner, S. B. (1989) Nature (London)
338, 342-345.
Proc. Natl. Acad. Sci. USA 87 (1990)
